Abstract This work provides a sensitivity study of a twochannel passive infrared remote sensing retrieval of effective radius and optical depth using the Spinning Enhanced Visible and Infrared Imager with channels centred at 10.8 and 12.0 μm and a look-up table approach to calculate mass column loading. The retrieval is applied to images of two ash clouds from the 2010 Eyjafjallajökull eruption on 6 and 13 May 2010. The 2010 eruption of Eyjafjallajökull is well characterised, especially in terms of the airborne volcanic ash, which allows the relative uncertainties to be investigated within the realms of observation and reasonable approximation. The parameters investigated are as follows: refractive index, surface temperature, cloud top temperature, ash bulk density and, in particular, the uncertainties related to the spread of the ash particle size distribution-in terms of the geometric standard deviation of a lognormal particle size distribution. The lack of constraint on particle size distribution is shown to cause the largest uncertainty in retrieved mass column loading for the 6 May and 13 May ash cloud. A review of measured in situ size distributions of airborne particles is presented with justification for the choice of a lognormal size distribution for the 2010 Eyjafjallajökull eruption.
Introduction
Damage to aircraft from volcanic ash has been reported since aircraft flight began (Miller and Casadevall 2000) . The impact of the 2010 Eyjafjallajökull eruption (Gudmundsson et al. 2012 ) caused widespread flight cancellations and a conservative revenue loss of US $1.7 billion to the airline industry (International Air Transport Association 2010). Since the 2010 Eyjafjallajökull eruption, Iceland, there has been a drive to improve volcanic ash detection and forecasting techniques in order for Volcanic Ash Advisory Centres (VAACs) to issue the relevant advice to aviation authorities.
The London VAAC produces its volcanic ash advisories using a combination of observations and modelling (London Volcanic Ash Advisory Centre 2014) . The use of satellite imagery allows the London VAAC to validate and adjust dispersion models qualitatively (Millington et al. 2012) with the potential to perform inversions and assimilation of satellite data to further improve dispersion model accuracy, which are currently areas of research (Pelley et al. in preparation) .
This study shows the uncertainties in the retrieved parameters during the 2010 Eyjafjallajökull eruption, namely the effective particle radius and ash cloud optical depth from which the mass column loading can be calculated. The 2010 eruption of Eyjafjallajökull was well observed and measured. Particular emphasis is placed on the uncertainty of in situ measurements of ash particle size distribution and how this uncertainty propagates into remote sensing retrievals. A review of particle size distributions measured via in situ sampling is presented.
Particle size distribution of volcanic ash
The particle size distribution (PSD) of fine volcanic ash in ash clouds is poorly understood due to the complex fragmentation Editorial responsibility: J. Taddeucci processes that generate fine ash, largely controlled by the composition of the pre-eruptive magma and complex sedimentation processes (Rose and Durant 2009) . The PSD in ash clouds is of vital importance in understanding plume dynamics (Mastin et al. 2009 ) and transport of fine ash (Beckett et al. 2014) . The paucity of data on airborne ash PSDs, stemming from the inherent risk involved with sampling airborne ash using manned aircraft, leads to a large uncertainty when applying a PSD to remote sensing retrievals. Currently, there have been no campaigns where an unmanned aerial vehicle has been used to measure airborne PSDs, although this is likely an avenue of future research. Balloons have been used in the past, although no comprehensive PSD measurements have been made using this method (see e.g. Harrison et al. 2010) . As a result, assumptions based on limited information often have to be made about the PSD of fine ash.
There is little known about the relationship between particle size and distribution spread of airborne ash size distributions. Standard deviation has been shown to reduce with mean grain size for fall deposits (Dartevelle et al. 2002) , and an increase in size range is observed with a decrease in median grain size for total grain size distributions (Rust and Cashman 2011) . However, the degree to which ashfall deposits represent an airborne volcanic ash PSD at a given location is unknown, so hereafter, only ash collected from ash 'clouds' is considered to be representative of an airborne ash PSD.
In situ aircraft measurement
A summary of in situ measurements of size distributions from explosive eruptions made by aircraft is shown in Table 1 , and a representative selection of these PSDs can be seen in Fig. 1 . The size distributions in Fig. 1 have been truncated to radius values ≤12.5 μm (the maximum measurable radius by Rose et al. (1980) ; Rose et al. (1982) ) for ease of comparison and normalised such that the maximum value in terms of the number distribution is equal to one. Aircraft sampling of volcanic ash has taken place since the 1960s (Mossop 1964) ; these samples present variable insight into the form of ash PSDs. Rose et al. (1980) and Rose et al. (1982) sampled PSDs from two Guatemalan volcanoes, Fuego and Santiaguito, and the 1980 Mt. St. Helens eruption. It is difficult to fit these data with a mathematical PSD that is also easy to work with. The difficulty in extracting usable information about PSDs is true for other aircraft measurements made around this period (Chuan et al. 1981 (Chuan et al. , 1986 Hobbs et al. 1977 Hobbs et al. , 1981 Hobbs et al. , 1982 Hobbs et al. , 1991 Woods and Chuan 1982) lasting up until the early 1990s. Few airborne in situ measurements were made after this period (see e.g. Carn et al. 2011 ) until the 2010 Eyjafjallajökull eruption (e.g. Bukowiecki et al. 2011) .
The use of a lognormal PSD to describe volcanic ash PSDs from aircraft measurement appears to have been first suggested by Farlow et al. (1981) , from a study in which stratospheric particles from the 1980 Mt St Helens eruption were sampled. Wen and Rose (1994) suggest that the probability density function of the number size distribution of the ash from the 1990 Mt. Redoubt eruption, taken from Hobbs et al. (1991) , can be described a lognormal distribution of the form:
where N O is the total number of particles, r is the particle radius, r g is the geometric mean radius and σ g is the geometric standard deviation. A lognormal distribution has been justified for volcanic ash PSDs for the 2010 Eyjafjallajökull eruption from aircraft measurement (Schumann et al. 2011; Johnson et al. 2012; Turnbull et al. 2012) . Although all flights where the ash PSD was measured were during the same eruptive phase, discrepancies exist between PSD parameter measurements, perhaps due to the difference in assumed ash properties and sampling methods used (see Turnbull et al. (2012) for full discussion). It must also be noted that these flights were not necessarily through areas of high ash concentrations and may therefore only be representative of the PSD found at the peripheries of the ash cloud. Where higher concentrations were sampled, it was generally relative to mass loading of clouds at considerable distance downwind (Prata and Prata 2012) . The parameters describing monomodal lognormal ash PSDs measured from aircraft-collected samples are described in Table 2 . It has been suggested (Stevenson et al. 2015 ) that failures in detection of large particles, as opposed to an absence, may have been an issue during past airborne in situ measurements, and the potential shortcomings and misrepresentation of aircraft PSD measurements are discussed.
Passive infrared remote sensing of volcanic ash
Here, a brief introduction to passive infrared remote sensing retrieval algorithms is presented. Although only a two-channel remote sensing algorithm is used in this work to retrieve ash cloud properties and quantify uncertainty, selected retrieval algorithms are presented for completeness.
Detection of volcanic ash using infrared remote sensing has generally evolved from a two-channel technique using brightness temperature difference (Prata 1989a, b) . This technique uses infrared channels centred around wavelengths 10.8 and 12.0 μm in an atmospheric window. The brightness temperature difference of these channels, brightness temperature difference BTD=BT 10.8 −BT 12.0 , generally gives a negative BTD for Shortcomings of this technique, e.g. a negative brightness temperature over clear desert surfaces, have been discussed in previous literature (Simpson 2000; Prata et al. 2001) . pixels containing volcanic ash and a positive BTD for meteorological cloud. This allows identification of those pixels containing volcanic ash from remotely sensed satellite images.
The use of passive infrared remote sensing to retrieve physical properties of volcanic ash clouds was first proposed by Wen and Rose (1994) . This approach uses the aforementioned BTD, along with BT 10.8 , to retrieve cloud particle size and optical depth using a look-up table precalculated via radiative transfer theory. From this, an estimate of cloud mass loading can be made. This work was improved upon in later retrieval algorithms by utilizing further spectral channels (Prata and Grant 2001a) and the introduction of new radiative parameter apart from brightness temperature (Pavolonis 2010) . Optimal estimation has proved a useful tool for the retrieval of ash microphysical properties, where the retrieval scheme attempts to reach a statistically optimal estimate of the properties of the ash cloud consistent with any a priori knowledge of the background state. A method to retrieve volcanic cloud height, effective radius and mass column loading was developed by Francis et al. (2012) . The retrieval uses channels with central wavelengths of 10.8, 12.0 and 13.4 μm. The retrieval scheme attempts to reach a statistically optimal estimate of the properties of the ash cloud consistent with any a priori knowledge of the background state and any available information from observation. This method does not retrieve the shape of the PSD of the ash cloud as an element of the state vector, but a range of σ g values for a lognormal distribution from 1.25 to 3.0 is used in order to find the least cost solution during the retrieval. In a method similar to the above, Pavolonis et al. (2013) exploit the effective absorption optical depth ratio and effective cloud emissivity in its methodology, using wavelengths centred around 10.8, 12.0 and 13.3 μm. Assumptions about the composition of the ash are made, for which three refractive indices data sets are tested, and an assumption about the ash PSD has to be made. Similar to other retrieval methods, a lognormal distribution is used with a fixed geometric standard deviation. Clarisse et al. (2010) demonstrated an alternate method of optimal estimation using the Infrared Atmospheric Sounding Interferometer (IASI) (Clerbaux et al. 2009 ). This method takes advantage of IASI's high spectral resolution in the range 800-1200 cm −1 (8.3-12.5 μm), but again, an assumption of the ash composition and PSD is needed. A lognormal PSD with a fixed geometric standard deviation is used for this retrieval. Wen and Rose (1994) highlight the sensitivity of ash detection and subsequent retrieval due to the refractive index of ash chosen, an issue that has been raised in subsequent papers Mackie et al. 2014) . It is stated that the uncertainty attributed to PSD has a greater effect on retrievals than uncertainty in refractive index (Wen and Rose 1994) . A detailed sensitivity analysis has been carried out by Corradini et al. (2008) who investigate retrieval uncertainties in the surface temperature and emissivity, plume geometry, ash Wen and Rose (1994) b Same measurement using different single scattering properties refractive index and atmospheric water vapour. At present, there has been no quantitative sensitivity study on the effect of an unknown geometric standard deviation value when the size distribution is known to be lognormal. This paper presents a sensitivity study of the parameters of an ash cloud from the well-characterised 2010 Eyjafjallajökull eruption using a two-channel passive infrared retrieval scheme.
Method
A two-channel infrared retrieval, in the style of Wen and Rose (1994) , has been used to investigate the sensitivity of effective radius and optical depth retrieval, and subsequent mass loading calculation, of an ash cloud to surface and cloud top temperature, refractive index, ash bulk density and geometric standard deviation of a lognormal PSD. This method uses the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on-board the Meteosat Second Generation (MSG) geostationary observational satellite. The SEVIRI instrument is a centred at 0°longitude with 12 spectral channels, the two being used here centred at 10.8 and 12.0 μm, with an equatorial spatial resolution of 3 km for its infrared channels. SEVIRI has a baseline repeat cycle of 15 min, which made it a vital observation source during the 2010 Eyjafjallajökull eruption.
Initially, pixels containing ash are identified using a BTD threshold BTD <−1.5 K. This method is likely to detect some pixels as false positives for ash and fail to detect many more. A more negative BTD value does not necessarily suggest that more ash is present, and therefore, both optically thin and opaque clouds could fail to be identified. This identification scheme proves adequate for the task of a sensitivity study.
The retrieval of properties of the ash cloud stems from the radiative transfer model proposed by Prata (1989a) , where the observed radiance from an ash cloud can be approximated by the following:
where T s is the temperature of the surface, T c is the temperature of the cloud top, B is the Planck function and ε is the spectral emissivity at satellite zenith angle given by the following:
The optical depth τ at wavelength λ can be calculated by the following:
where L is the geometric thickness of a homogeneous cloud and Q ext is the extinction efficiency factor of a single particle.
The extinction efficiency factor of a distribution of particles Q ext can be expressed as follows:
The effective radius of the distribution r e is defined by the following:
Given a lognormal size distribution, this will then simplify to give the following:
It is then assumed that particles of size r e are distributed uniformly throughout a homogeneous cloud from which the mass column loading can be found by the following:
where ρ is the bulk density of the ash. A Mie scattering routine (Bohren and Huffman 1983) is used to forward model the single scattering properties of the ash particles. By calculating observed brightness temperatures using Eq. (3), a look-up table can be used to forward model the brightness temperature at a wavelength of 10.8 μm and BTD values for a planar homogenous ash cloud of different optical depths at 10.8 μm for different effective radii. The optical depth of the ash cloud at a wavelength of 10.8 μm is found by matching the brightness temperature at 10.8 μm, BT 10.8 , to the values forward modelled in the look-up table. The extinction efficiency factor and effective radius are found by comparing the observed BTD to the forward modelled values at this given optical depth. In the retrieval scheme presented by Wen and Rose (1994) , the cloud top temperature, T C , is assigned as the coldest BT 10.8 where ash pixels have been identified, and the surface temperature, T S , is found by analysis of ash-free pixels close to the volcanic ash cloud. Rather than relying on the image to determine surface temperature, T S , as Wen and Rose (1994) , it has been taken from the European Centre for Medium-Range Weather Forecasts' (ECMWF) Global Reanalysis data set (Dee et al. 2011 ) using the previous time step before the SEVIRI image was acquired. The mean skin temperature for an area roughly encompassing the ash cloud has been selected as a value for T S , and an uncertainty of one standard deviation (σ Ts ) is used as a perturbation. A sea surface emissivity of 0.99 is assumed throughout (Sherlock 1999) . Wen and Rose (1994) neglect the satellite zenith angle during their retrieval. Given that SEVIRI is a geostationary satellite, the retrieval scheme employed here provides separate forward modelled radiance values for each satellite zenith angle at 1°intervals. Further to this, a semi-empirical water vapour correction is applied to BTD on a pixel-by-pixel basis (Prata and Grant 2001b ) with a typical value of approximately 0.5 K, which will vary dependent on the optical depth at 10.8 μm, and, therefore, the extent of water vapour encountered, for each pixel. This correction is needed, as Eq. 2 does not account for atmospheric extinction due to water vapour.
Case study: 2010 Eyjafjallajökull eruption
The 2010 Eyjafjallajökull eruption was a complex eruption, with changes in magmatic composition and eruptive style, lasting 39 days during April-May (Gudmundsson et al. 2012; Spinetti et al. 2013) . Although the eruption was somewhat atypical, it has been extensively studied through in situ observations and post-eruptive analysis. This has allowed the parameters governing remote sensing retrievals to be reasonably well characterised. This study aims to understand the uncertainties in infrared passive remote sensing retrievals when particle distribution in an ash cloud is well constrained and compare that to information usually available during realtime monitoring, using available data published in literature as a best approximation.
The cloud top temperature, T C , is difficult to constrain, even with observations, due to the variability in atmospheric pressure in space and time. The value for T C is taken from the image itself, as the coldest BT 10.8 where ash has been identified, as Wen and Rose (1994) , and is likely to be an overestimation of the cloud top temperature. This is because the top of the ash cloud is unlikely to be opaque and thus be an underestimation of cloud top altitude. The average variation in cloud height measured by scientists on 6 flights during the eruption, using airborne lidar from the UK Facility for Airborne Atmospheric Measurements (FAAM), was roughly 2.5 km (Marenco et al. 2011 ) and 2.1 km from 11 flights by the Deutsches Zentrum für Luft-und Raumfahrt (DLR) (Schumann et al. 2011 ). The cloud is therefore perturbed to an altitude roughly 2.5 km higher, with the corresponding cloud top temperature taken from an atmospheric profile from the ECMWF Global Reanalysis data. The cloud is perturbed to a higher altitude, as the retrieved cloud top temperature from the image itself is likely to be an underestimation of cloud top height, and the upper cloud top variation through observation is used. A value for the bulk density of very fine ash has been given by Bonadonna et al. (2011) for the eruptive activity from the 4-10 May as =2738 kg m −3
; the London VAAC used a value of 2300 kg m −3 as a best approximation to volcanic ash density from Eyjafjallajökull (Bonadonna and Phillips 2003) . The refractive indices of a tephra sample from the Eyjafjallajökull eruption collected on 17 April 2010 have been measured at the University of Oxford (Dan Peters, personal communication). The composition of ash was shown to change over the course of the eruption (Gudmundsson et al. 2012) , and therefore, other reasonable approximations of a suitable refractive index could be that of andesite (Pollack et al. 1973 ) and volcanic pumice (Volz 1973) . The PSD of the volcanic ash was observed to be lognormal during in situ sampling at various dates throughout April and May by the FAAM ) and DLR (Schumann et al. 2011) aircrafts, and therefore, a lognormal PSD is used. The average value for the geometric standard deviation given by Johnson et al. 2012 (σ g =1.85±0.5, dependent on assumed single scattering properties) is here considered the best approximation to use. Variations in atmospheric water vapour, surface emissivity and plume geometry are not discussed, but this work is well covered by Corradini et al. (2008) . Two separate SEVIRI images from the main explosive phase of the 2010 Eyjafjallajökull eruption are investigated here-the first on 6 May 2010 at 1900 UTC and the second on 13 May 2010 at 0800 UTC.
Sensitivity study: results and discussion Table 3 details the retrieval parameters that are kept constant and perturbed to in the retrieval method. The retrieved mass column loadings, effective radii and optical depths using the constant parameters detailed in Table 3 are shown in Fig. 2 for 6 May 2010 at 1900 UTC and 13 May 2010 at 0800 UTC. The relative uncertainty of the retrieval for both ash clouds for a change in σ g of the PSD and refractive index with respect to the mass column loading and effective radius can be seen in Fig. 3 . The retrieval uncertainty of mass column loading, effective radius and optical depth caused by an uncertainty in surface and cloud top temperature can be seen in Fig. 4 . The uncertainties are summarised in Table 4 in terms of percentage bias. Bias is defined as (Mosca et al. 1998 ):
Here, N is the number of pixels, x i is the retrieved or calculated quantity for a given pixel using the constant parameter values, and x 0 i is the retrieved or calculated quantity for a given pixel using the perturbed parameter values in Table 3 . Therefore, a negative bias corresponds to an overall reduction in the retrieved quantity and a positive bias corresponds to an overall increase in the retrieved quantity. The uncertainty caused by an uncertain ash bulk density is not displayed, as this will be a simple factor of 16 % reduction in mass when a density of 2300 kg m −3 is used with retrievals of effective radius and optical depth unaffected.
Discussion
The effect of an uncertain refractive index on ash cloud retrievals has been discussed in previous literature Wen and Rose 1994) . Retrieval of real-time refractive indices is currently not an option, and therefore, some assumption will have to be made here. In the case of the 2010 Eyjafjallajökull eruption, composition was shown to change with time (Gudmundsson et al. 2012) , suggesting that even if a rapid laboratory determination of refractive index was possible, uncertainties are likely to emerge. For similar reasons, the density of very fine ash is difficult to constrain and is likely to change with compositional changes. Therefore, estimates have to be made from available literature sources (e.g. Bonadonna and Phillips 2003) . A change in the σ g of the PSD is shown to have a significant effect on mass loading retrievals with a bias between −3.7 and 51.5 %. Reasons for this Fig. 3 Relative uncertainty of retrieved mass column loading and effective radius with respect to the constant parameters detailed in Table 3 for a SEVIRI image on 6 May 2010 1900 UTC (left) and 13
May 2010 0800 UTC (right) with a perturbation of as follows: σ g =1.8 (a-d), σ g =2.5 (e-h), andesite (i-l) and volcanic pumice (m-p) uncertainty are described in more detail later in this paper in "Reasons for retrieval uncertainties from size distribution" section. The PSD of the fine ash from an eruption is rarely constrained and, unlike refractive indices and density, is unlikely to be estimated using eruptive history or rapid petrological analysis. The spatial, temporal and compositional variation of an ash cloud's PSD is unknown and is likely to cause significant uncertainty, especially where even the form of the PSD is unknown. These uncertainties are likely to propagate into other retrieval schemes where assumptions of PSD are made (e.g. Francis et al. 2012; Pavolonis et al. 2013) . Cloud top temperature is again difficult to constrain via observation and has a large uncertainty associated with it.
It is highly unlikely that the ash cloud itself will be at a constant altitude, or indeed, the cloud top temperature estimated from the SEVIRI image is correct. Determination of T C from the image could cause an underestimation of the mass of lower altitude volcanic ash and an overestimation of the highest part of the ash cloud. Information from space-borne lidar such as CALIOP (Winker et al. 2009 ) is sometimes available, which helps to constrain ash cloud height and geometric thickness along a given path, however may not be relevant for the full spatial extent of the ash cloud. Uncertainty from surface temperature is shown to vary with the conditions underlying the ash cloud due to the increase in surface temperature variability underlying the higher latitude ash cloud on 13 May 2010. The Fig. 4 Relative uncertainty of retrieved mass column loading, effective radius and optical depth with respect to the constant parameters detailed in Table 3 for a SEVIRI image on 6 May 2010 1900 UTC (left three columns) and 13 May 2010 0800 UTC (right three columns) with a perturbation of as follows: T S +1σ Ts (a-f), T S −1σ Ts (g-l) and T C + ∼2.5 km (m-r) The optical depth indicates the retrieved optical depth at a wavelength of 10.8 μm uncertainty in cloud top and surface temperature is suppressed where cloud altitude is retrieved and surface temperature is estimated on a pixel-by-pixel basis (e.g. Francis et al. 2012; Pavolonis et al. 2013 ).
Implications of uncertainty in mass loading retrievals
Contamination level is the unit on which the European air- , respectively. The typical depths of the Eyjafjallajökull volcanic ash cloud were measured to be between 0.5 and 1.3 km, with an average typical depth of 1 km (Marenco et al. 2011 ). As only two-dimensional mass column loadings are retrievable using passive infrared satellites, the assumption of cloud depth, combined with the large uncertainty associated with assumptions made during retrieval, leads to a combined uncertainty larger than which could be used to reliably classify airspace contamination levels.
Reasons for retrieval uncertainties from size distribution
The PSD of particles, in terms of a change in spread, is known to affect single scattering properties of atmospheric aerosols (Jennings et al. 1979; Bohren and Huffman 1983) . However, variance in spread of volcanic ash PSDs is an area of uncertainty that has generally not been quantified in current methods of retrieval. The cause of uncertainty can be clearly seen in Fig. 5 where the mass extinction coefficient, k ext , is shown as a function of effective radius for a lognormal distribution with σ g =1.5, 2.0 and 2.5 at 10.8 and 12.0 μm. Because different single scattering properties per unit mass would be observed for different values of σ g , an incorrect assumption of σ g would lead to an incorrect quantification of mass and effective radii. This is logical considering Eq. (8), whereQ ext itself is a function of size distribution, n(r).
If a change in particle size spread is neglected, it is then assumed that the effective radius of particles in a distribution is representative of the mean radius of extinction. Such a situation, where the effective radius of a distribution of particles is representative of the scattering radius of particles, as opposed to the extinction radius, is discussed by Hansen and Travis (1974) . This generally occurs when the size of the scattering particle is much larger than the incident wavelength of light.
Conclusion
It has been shown that because different parameters can be chosen to evaluate an ash cloud, even from a wellcharacterised eruption, there remain large uncertainties in estimates of the mass loading of a volcanic ash cloud made using a two-channel look-up table. With many of the parameters' values determined post-eruption, any real-time remote sensing is likely to involve much larger uncertainties than those presented in this paper. The effect of an uncertain assumption about the spread of a size distribution, even when the form of the PSD has been verified through in situ observation, is shown to cause the largest associated uncertainty for the Eyjafjallajökull ash cloud on 6 and 13 May 2010. This has implications for all passive infrared retrieval schemes that assume a constant spread of PSD. Little information is available for airborne ash PSDs, and information from any single event may be unavailable or inconsistent. It is not known how the PSD within an airborne ash cloud differs either spatially or temporally. Further information about volcanic ash PSDs, in particular, the form of size distribution curves and extremes of distribution spread likely to be encountered, is needed in order to improve remote sensing and dispersion modelling techniques. Its acquisition requires in situ sampling. 
